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A Rice Diversity Panel Evaluated for Genetic and Agro-Morphological Diversity between Subpopulations and its Geographic Distribution
M. Liakat Ali, Anna M. McClung, Melissa H. Jia, Jennifer A. Kimball, Susan R. McCouch, and Georgia C. Eizenga* aBsTRacT A diverse collection of 409 Asian rice (Oryza sativa L.) accessions originating from 79 countries was fingerprinted with 36 simple sequence repeat (SSR) markers and evaluated for 18 agromorphological traits. Genetically, the accessions clustered into five ancestral groups (subpopulations), indica, aus, aromatic (Group V), tropical japonica, and temperate japonica, based on model-based structure analysis. Thirty-three accessions with less than 60% ancestry from any single group were identified as admixtures. Canonical discriminant analysis identified eight agro-morphological traits (panicle number per plant, panicle length, plant height, flag leaf width, grain length, width, length:width ratio, and volume) as the main discriminatory characters among the rice accessions and between the subpopulations. Both SSR allele-and phenotypic trait-based analyses indicated a close relationship between aus and indica and similarly between temperate japonica and tropical japonica. The aromatic (Group V) rice represents a distinct small group that is more closely related to tropical japonica based on SSR alleles but to aus and indica based on phenotype. A strong relationship between subpopulations and geographical distribution was observed. This rice diversity panel with the accompanying genetic and phenotypic information provides a valuable foundation for association mapping, understanding the basis of both genotypic and phenotypic differences within and between subpopulations, and rice improvement programs.
The success of plant breeding is based on the availability of genetic variation, knowledge about desired traits, and efficient selection strategies that make it possible to exploit existing genetic resources. Understanding the population structure and range of diversity in available germplasm is fundamental for genetic improvement in all crop species. Genetic distance estimates are helpful in selecting parental combinations with sufficient genetic diversity in a segregating population (Becelaere et al., 2005) and for classifying germplasm into heterotic groups for hybrid crop breeding (Menz et al., 2004) . The search for and establishment of heterotic groups can be based on geographical origin, agro-morphological traits, pedigree information, or molecular marker data (Melchinger, 1999) . Before the advent of molecular genetic tools, genetic diversity was estimated from pedigree or agronomic and morphological characteristics. Estimates based on pedigree are generally inflated and often unrealistic (Cox et al., 1986; Souza and Sorrells, 1989; Almanza-Pinzon et al., 2003; Fufa et al., 2005) , while phenotypic observations can provide a reasonable representation of overall genetic performance if they are based on sufficiently large sample sizes and if the traits measured show significant differences among populations (Humphreys, 1991) .
Phenotypic (trait) variation can be studied using several methods including canonical discriminant analysis (CDA), a multivariate statistical technique. In CDA, unlike univariate analysis, all independent variables (traits) are considered simultaneously in the differentiation of cultivars or populations. This approach results in greater differentiation of populations compared to univariate analysis. Multivariate procedures, including CDA based on phenotypic (agronomic and morphological) characteristics, have been used in the assessment of genetic diversity in many plant species, such as perennial ryegrass (Lolium perenne L.) (Humphreys, 1991) , tall fescue (Festuca arundinacea Schreb.) (Vaylay and van Santen, 2002) , hairy vetch (Vicia villosa Roth) (Yeater et al., 2004) , rice (Sanni et al., 2008; Singh et al., 2008) , red clover (Trifolium pratense L.) (Dias et al., 2007) , and groundnut (Arachis hypogaea L.) (Upadhyaya, 2003) .
Various types of molecular markers are currently available for assessing genetic diversity in crop species. Simple sequence repeats (SSRs) are useful for analyzing the structure of germplasm collections as they are abundant, codominant, multiallelic, highly polymorphic, and chromosome-specific (Ahmed, 2002; Huang et al., 2002; Thomson et al., 2007) . The high level of allelic diversity in SSRs facilitates detection of the fine structure of diversity more efficiently than an equal number of restriction fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), or single nucleotide polymorphism (SNP) loci (Powell et al., 1996; Lorz and Wendel, 2005; Varshney et al., 2007) . Simple sequence repeat markers have been extensively used in genetic diversity and population structure studies in many plants including rice (Ni et al., 2002; Garris et al., 2005; Lu et al., 2005; Eizenga et al., 2006; Thomson et al., 2007) .
Asian cultivated rice (O. sativa) is now grown in many regions of the world. Its origin and range of diversity have attracted a great deal of interest from plant scientists. There are two distinct varietal groups of rice, often referred to as different subspecies: indica and japonica. The primary phenotypic traits that have been used to classify indica and japonica are grain shape, phenol reaction, sensitivity to potassium chlorate, leaf color, and apiculus hair length, although the variation for any individual trait may overlap between the two varietal groups (Oka, 1988) . At the genome level, the indica-japonica divergence is readily detected using several types of molecular markers (Wang and Tanksley, 1989; Zhang et al., 1992; Garris et al., 2005; Caicedo et al., 2007) . Based on only 15 isozyme markers, Glaszmann (1987) identified six varietal groups, namely indica (Group I), aus (Group II), ashwina (Group III), rayada (Group IV), aromatic (Group V), and japonica (Group VI) from a global sample of 1688 rice accessions. The aus, rayada, and ashwina are small groups that form part of the indica clade. In recent years, using SSR and SNP markers, the existence of five major groups (subpopulations) has been resolved: indica, aus, tropical japonica, temperate japonica, and aromatic (Group V) (Garris et al., 2005; Caicedo et al., 2007; Zhao et al., 2010) ; these five subpopulation groups have also been recognized in more recent genetic studies Thurber et al., 2010) .
Over the course of domestication O. sativa became highly diversified, so that today there are many different cultivars adapted to a wide range of conditions, including different water regimes, soils, topography, photoperiod regimes, and temperatures (Takahashi, 1984; IRRI, 1984; Garrity et al., 1986) , and rice can be found growing in Asia, Africa, Oceania, and South, Central, and North America. A large number of landrace cultivars, developed under early agricultural conditions in Asia and Africa, were the products of both human and natural selection. Landraces evolved slowly in response to generations of stabilizing selection by farmers (Hoyt, 1988) and they are generally very heterogeneous, embodying a large amount of genetic variation both within and between populations (Oka, 1988) . A recent study of genomewide SNP variation revealed an impressive amount of molecular diversity among a set of 20 diverse rice landraces and varieties (McNally et al., 2009 ), but there was no accompanying agro-morphological characterization of these varieties.
In the present research, we purified a diverse collection of 409 rice accessions, including both landrace and modern cultivars originating from 79 different countries, genotyped them with 36 SSR markers, and phenotyped them for 18 agro-morphological and grain characteristics. The specific goals of this study were to (i) examine the differences and relationships among the genetically defined five rice subpopulations (aus, indica, tropical japonica, temperate japonica, and modern varieties were chosen from a large number of countries (79). Accessions from each country were chosen randomly from the NSGC core collection (1794 accessions), which represents the geographic and phenotypic variation in the NSGC rice collection. Seeds of accessions originating from the International Rice Germplasm Collection (IRGC) housed at the International Rice Research Institute (IRRI) in the Philippines were validated at IRRI by comparing seeds sent from the diversity panel with original seed stocks. Fourteen accessions did not match and their identity could not be determined, thus these accessions were identified by their National Science Foundation -Transgressive Variation ID numbers with an "Unknown" origin. Additional information about the accessions included in this panel (accession name, accession number, seed source, country of origin, geographic region, and subpopulation ancestry based on STRUC-TURE) is given in Supplemental Table S1 .
Purification
All accessions were purified for two generations (single seed descent) before DNA extraction, and DNA was extracted from single plant leaf tissue. Many of the accessions are landraces that are known to be heterogeneous in major germplasm repositories (Olufowote et al., 1997) . All purified accessions in this diversity panel will be distributed as genetic stocks through the USDA-ARS Genetic Stocks-Oryza (GSOR) collection in Stuttgart, AR. All accessions not bound by intellectual property issues will be shared with IRRI and become part of the IRGC.
Phenotypic evaluation
Rice accessions were planted in single-row plots of 5-m length with a spacing of 0.25 m between the plants and 0.50 m between the rows in two replications using a RCB design at Stuttgart, AR, in 2006 and 2007 (May-October aromatic [Group V]) at the genotypic and phenotypic levels, (ii) assess the genetic diversity in this collection based on SSR polymorphism, (iii) identify the phenotypic traits that discriminate individual rice accessions and the subpopulations, and (iv) examine the relationship between geographic distribution and subpopulation ancestry of Asian rice.
MaTeRIaLs aND MeThODs

Plant Materials
The 409 Asian rice (O. sativa) landraces and cultivars selected for genetic and agro-morphological evaluation in this study originated from 79 countries representing all the major rice growing regions of the world. The collection included 133 accessions from East and Southeast Asia, 74 from South Asia, 17 from West and Central Asia, 41 from Africa, 89 from the Americas, 35 from Europe, six from Oceania, and 14 were of unknown origin (Supplemental Table S1 ; summarized in Table 1 ). Out of the 409 accessions, 150 were a part of the genetic diversity study by Garris et al. (2005) . Seed of 163 accessions, including the 150 accessions used in the Garris et al. (2005) study, were obtained from USDA-Agricultural Research Service (ARS) in Beaumont, TX, 159 accessions were from the USDA-ARS National Small Grains Collection (NSGC) rice core collection (Yan et al., 2007) , and 87 were from the USDA-ARS NSGC rice collection (Yan et al., 2007) . Twelve accessions were part of the OryzaSNP project (McNally et al., 2009) , and 11 accessions were used as parental lines for the mapping populations evaluated as part of the USDA/CSREES/NRI Applied Plant Genomics Program entitled "RiceCAP: A coordinated research, education, and extension project for the application of genomic discoveries to improve rice in the United States" (USDA/CSREES grant 2004-35317-14867) .
It should be noted that the 150 accessions included in the genetic study by Garris et al. (2005) were only evaluated for genetic diversity, not for phenotypic diversity, which is one of the main objectives of this study and the main reason for including this set of accessions. These accessions were also expected to provide a reference for the subpopulation classification in this study. With the hope of having a good representation of the aus group, a large number of accessions (74) were selected from the region in South Asia where this subpopulation is usually found. To capture maximum genetic and phenotypic diversity, and ensure representation from all rice growing regions of the world and all five subpopulations, accessions of both landraces and were photoperiod sensitive, thus these did not produce mature seed under field conditions. Several representative plants per accession were dug from the field and grown to maturity in the greenhouse with a view to harvest the seeds. None of these accessions were included in the reported statistical analysis of the phenotypic traits. (Unreported statistical analyses with data from some of these accessions included did not significantly alter the results).
A photograph of a reference panicle, along with hulled and dehulled seeds for each accession, will be available for identification purposes at the USDA-ARS GSOR web site (USDA-ARS, 2011) and at our project web site (Rice Diversity Project, 2010).
Genomic DNa extraction
A high-throughput method (Xin et al., 2003) was followed for collecting leaf tissue and DNA extraction. A single leaf disk from a single plant of each accession was collected in a single well of a 96-well polymerase chain reaction (PCR) plate using a single hole punch from 4-wk-old seedlings. For each accession, leaf disks were sampled from five individual plants and each disk placed in the same location in each of five 96-well plates, to assess if there were any seed mixtures. Next, each well containing a leaf disk had 70 μL of Buffer A containing 2% Tween 20 and 100 mM NaOH added. The plate was incubated at 95°C for 10 min in a thermocycler with a PTC-DNA Engine (MJ Research, Waltham, MA). After incubation, 70 μL of Buffer B containing 100 mM Tris-HCl (pH 8.0) and 2 mM ethylenediaminetetraacetate (EDTA) was added to each well. This liquid solution containing DNA was suitable for PCR. For each accession, the DNA isolated from the five leaf disks in five separate 96-well plates was pooled together.
simple sequence Repeat Markers, Marker amplification, and allele Detection A total of 36 nuclear SSR markers, further described in Supplemental Table S2 , were used to fingerprint the accessions. Thirtyfour SSR markers were chosen from the panel of 50 standard SSR markers recommended for rice diversity analysis by the Generation Challenge Programme sponsored by the Consultative Group on International Agricultural Research (CGIAR). The remaining two markers, RM208 (chromosome 2) and RM022 (chromosome 3), were chosen to ensure greater genome coverage for these two chromosomes. These markers represent a subset of those used by Garris et al. (2005) . The genetic position of SSR markers was based on the Cornell SSR 2001 map (McCouch et al., 2002 ) except RM171, which was based on the CIAT SSR 2006 map (Orjuela et al., 2010) . Information on the SSRs, including primer sequences, is available in the Gramene v21 database (Gramene, 2011) .
Polymerase chain reaction was performed in a 25-μL reaction volume that contained 20 ng of genomic DNA, 1 U Taq DNA polymerase, 0.1% bovine serum albumin (BSA), 1% PVP40, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 200 µM of deoxyribonucleotide triphosphates (dNTPs), and 300 nM of each primer. For each marker, forward primers labeled with fluorescent dyes (6-FAM, VIC, HEX, or NED) were purchased from Applied Biosystems (Foster City, CA) or Integrated DNA Technologies, (Coralville, IA). The reverse primers were unlabeled. DNA was amplified under the following conditions: (i) initial denaturation at 94°C for 5 min; (ii) 35 cycles of 94°C for 1 min, 55°C to 67°C (marker dependent) for 1 min, and 72°C for 2 min; and (iii) 5 min final extension at 72°C. Polymerase chain reaction products were pooled based on color and size range of PCR fragments (three markers per run along with the ROX labeled size standard) and heated to 94°C for 5 min to denature the DNA. The samples were separated by capillary electrophoresis using an ABI Prism 3730 DNA Analyzer according to the manufacturer's instructions, and SSR fragments sizing and allele calls were performed with GeneMapper V3.7 (Applied Biosystems, Foster City, CA).
Population structure and cluster analysis
Population structure was analyzed using the model-based program STRUCTURE (Pritchard et al., 2000; Falush et al., 2003) with the number of populations at K = 5. The analysis was run five times. Each run was performed using a burn-in of 100,000 with a run length of 10,000, and a model allowing for admixture and correlated allele frequencies. Following subpopulation structure analysis, the accessions belonging to each subpopulation group were identified and further cluster analysis was performed for the accessions included in each subpopulation using the PowerMarker V3.25 software (Liu and Muse, 2005) . Pairwise genetic distances among all accessions were calculated following the Nei (1973) distance method. The neighbor-joining method (Saitou and Nei, 1987) was used for cluster analysis and phylogenetic reconstruction. MEGA V4.0 (Tamura et al., 2008) was used to view the trees. The PowerMarker software was used to calculate number of alleles, major allele frequency, gene diversity, and polymorphism information content (PIC) values. Molecular variation between and within the subpopulations and the Wright's fixation index (F ST ) correlation of alleles between the subpopulations were estimated using an analysis of molecular variance (AMOVA) approach in Arlequin V3.1 (Weir, 1996; Excoffier et al., 2005) .
statistical analysis with Phenotypic Data
The SAS software (SAS Institute, 2003) was used for statistical analyses of the phenotypic data. The phenotypic differences among accessions and subpopulations (groups generated by structure analysis) were assessed via the canonical discriminant analysis using the CANDISC procedure. Canonical discriminant analysis is a combination of principal component and canonical correlation analyses (Vaylay and van Santen, 2002) . Canonical discriminant analysis derives canonical discriminant functions (linear combinations of the quantitative variables) that have the highest possible multiple correlation with groups and summarizes among-class variation in much the same way that principal component analysis summarizes total variation. Canonical variables are uncorrelated even though the measured traits may be highly correlated. In CDA, the differentiation of groups is done by taking into account the interrelationships among independent variables (measured traits) and their relationships with dependent variables (accessions) (Vaylay and van Santen, 2002) . The mean value of the canonical discriminant function (variables) is referred to as group centroid. The difference between centroid values of the two groups is the Mahalanobis distance (D 2 ) and is calculated as:
-1 is the inverse of the pooled sample variance-covariance matrix and X 1 and X 2 are the respective vectors of the measurements on the groups 1 and 2. This measure has the distinct advantage of accounting for any correlations that might exist between the variables (Dillon and Goldstein, 1984) . The D 2 statistic can be used as an indicator of the difference between populations (Loos, 1993 ).
An ANOVA was conducted using the ANOVA procedure to test the significance of variation among the genetically defined subpopulations for different measured phenotypic traits and among the geographic regions for different measured phenotypic traits. Using ANOVA, significant differences between pairs of groups (group means) and between pairs of geographic regions for individual phenotypic traits were identified by conducting t tests and estimating LSD values.
ResULTs allelic Diversity at simple sequence Repeat Loci
A total of 36 nuclear SSR markers distributed over the 12 chromosomes with an average distance between the markers of approximately 11.4 Mbp was used to genotype the 409 rice accessions. A total of 330 alleles were detected at 36 SSR loci across 409 rice accessions. The number of alleles revealed by each marker ranged from 2 (RM338) to 24 (RM154) with an average of 9.17 alleles per marker (Supplemental Table S2 ). The PIC value for the SSR loci ranged from 0.33 (RM338) to 0.88 (RM154) with an average of 0.63 across 36 loci and displayed a mean gene diversity of 0.68 per locus. Rare alleles, defined as those alleles with a frequency of less than 5%, accounted for an average of 4.6 alleles per locus and were identified at most loci. The frequency of the major (most common) allele at each locus ranged from 22 (RM154) to 70% (RM338). On average, 46% of the 409 accessions shared a common major allele at any given locus.
Population structure analysis
Population structure analysis grouped the 409 accessions into five subpopulations corresponding to indica (90), aus (59), aromatic (Group V) (15), tropical japonica (104), and temperate japonica (108) (Fig. 1) . The ancestral composition of each accession is summarized in Supplemental Table S1 . Accessions were assigned to a subpopulation when more than 60% of their inferred ancestry was derived from one of the modelbased populations. Thirty-three accessions (8.0%) with less than 60% ancestry from any single group were identified as admixtures. Twenty-two of the admixtures had ancestry mainly from temperate and tropical japonica while 11 were admixtures mainly of indica and aus. Sixty-five percent of the 409 accessions (66 indica, 54 aus, 13 aromatic, 68 tropical japonica, and 67 temperate japonica) had more than 95% shared ancestry with their respective subpopulations.
cluster analysis
Cluster analysis based on 36 SSR markers using all 409 accessions was performed and the major five subpopulations clusters are visualized in a neighbor-joining tree (Supplemental Fig.  S1 ). Cluster analysis was also performed to dissect the accessions within each subpopulation group and to visualize the relationship among accessions (Supplemental Fig. S2 .1 to 2.5). Accessions with more than 40% mixed ancestry were excluded from these analyses. A close genetic relationship was observed among accessions originating from the same country or geographic region and these origins are noted on the figures. In the aromatic (Group V) subpopulation, five accessions from West Asia including four from Iran (out of 6) were clustered in one subcluster (Cluster I) indicating a close genetic relationship (Supplemental Fig. S2.1 ). Four South Asian accessions, specifically from India and Pakistan, clustered together in another subcluster (Cluster II), indicating their close relationship.
In the aus subpopulation (Supplemental Fig. S2 .2), 17 South Asian accessions, 12 from Bangladesh and five from India, grouped in the same subcluster (Cluster I) indicating their ancestral relationship and regional adaptation. Similarly, in another subcluster (Cluster V) of 21 accessions, 19 were from South Asia alone. Out of the 59 total aus accessions, 46 were from South Asia, suggesting that the aus cultivars are mainly grown in South Asia.
In the indica subpopulation, accessions were grouped in eight subclusters of varying sizes, each containing accessions originated from different geographic regions or countries (Supplemental Fig. S2.3) . None of the subclusters comprised accessions originating exclusively from a single region or country. Accessions from the same region were spread over the subclusters. The highest number of accessions from a region was in Cluster V where 13 of the 18 accessions originated from East Asia (China and Taiwan) and in Cluster VI 10 of the 20 accessions originated from East Asia.
Although accessions in the temperate japonica group belonging to particular regions were spread over the different subclusters, within a subcluster, accessions from the same region tended to group together. In a large subgroup of 43 accessions (Cluster I), 24 of the 35 accessions originating from Europe were in Cluster I (Supplemental Fig. S2.4) . Similarly, 25 accessions from East Asia were grouped in another major subgroup comprised of the 42 accessions (Cluster VIII) and 11 of these accessions originated from Japan. Also, 17 of the 19 accessions from Japan were in the temperate japonica subpopulation.
In the tropical japonica subpopulation, 21 U.S. long grain cultivars and one Caribbean cultivar grouped in one subcluster (Cluster I) (Supplemental Fig. S2 .5) indicating their close genetic relationship. In Cluster II, 12 of the 19 accessions included in this group were from Southeast Asia. Eight cultivars from Indonesia (Southeast Asia) were included in the tropical japonica subpopulation and all were included in Cluster II. The large subcluster of 27 accessions (Cluster VIII) included accessions from four geographic regions and represented 19 countries. Four of the five accessions from Brazil grouped together in Cluster VIII. The clustering pattern in the tropical japonica subpopulation shows gene flow across the regions as well as the narrow gene pool characteristic of many individual breeding programs.
Genetic Diversity Between and Within subpopulations
The overall AMOVA indicated that 48.13% of the variation was due to differences among the subpopulation groups while the remaining 51.87% due to differences within the subpopulation groups (Supplemental Table S3 ). Pair-wise estimates of F ST values based on allelic differences revealed a high degree of differentiation among the five subpopulation groups with values ranging from 0.36 to 0.57 (Table 2 ). The greatest differentiation was observed between aus and the two japonica groups and also between indica and the two japonica groups. A lower level of differentiation was observed between temperate and tropical japonica and between indica and aus, while the aromatic (Group V) subpopulation was intermediate.
The highest genetic diversity was observed in the indica subpopulation (0.45) with a mean of 5.86 alleles per locus followed by aus (0.43) with a mean of 4.2 alleles per locus ( Table 3 ). The aromatic (Group V) accessions exhibited the lowest level of genetic diversity (0.30) with an average of 2.3 alleles per locus. Both the temperate and tropical japonica groups had lower PIC values (0.29 and 0.30, respectively) compared to aus (0.38) and indica (0.42). The 90 indica and 59 aus accessions exhibited higher genetic diversity compared to the two japonica subgroups that had more than 100 accessions each. The aromatic (Group V) had the lowest genetic diversity but was represented by only 15 accessions.
Geographic Distribution of subpopulation accessions
As summarized in Table 1 , nine of the 15 aromatic (Group V) accessions (60%) originated from South and West Asia, while 76% of the aus accessions (45 of 59) originated in South Asia. Indica accessions originated from across the major rice growing regions of the world with 34 from East Asia, 21 from Southeast Asia, 15 from South Asia, six from Africa, seven from Central and South America, and three from North America and the Caribbean. Temperate japonica cultivars were spread across the continents with predominant representations from East Asia (37) and Europe (32) and fewer accessions from Southeast Asia (7), South Asia (4), Central Asia (4), Africa (7), North America and the Caribbean (6), and Central and South America (8). Tropical japonica accessions were mainly from Southeast Asia (15), Africa (18), North America and the Caribbean (37), and Central and South America (19). Most of the admixture of indica group was from Africa (6) while the majority of the admixture of japonica cultivars originated from four regions, East Asia (6), Southeast Asia (4), South Asia (4), and North America and the Caribbean (4).
canonical Discriminant analysis
The canonical loadings (coefficients) showing the contribution of each measured trait to the total variation are presented in Table 4 . The first two canonical variates accounted for 77% of the variation among accessions. The significant (p < 0.0001) canonical correlations between the accessions and the first canonical variate (r c = 0.86) and between the accessions and the second canonical variate (r c = 0.77) indicate that the canonical variates explain the phenotypic differentiation of the rice accessions. The first canonical discriminant function (canonical variate 1) explained 50% of the variance and was dominated by large loadings from the plant morphological traits-plant height, panicle number per plant, and panicle lengthand the grain traits-seed and brown rice width and seed and brown rice volume. Canonical variate 2 accounted for 27% of the variation and was dominated by large loadings from the plant morphological traits-flag leaf width, and panicle number per plant-and the grain traits-seed and brown rice length, seed and brown rice width, and seed length:width ratio. We also conducted CDA analysis excluding the brown (dehulled) rice grain characteristics and also found that the same grain traits, seed length, seed width, seed length:width ratio, and seed volume made some of the largest contribution to the canonical variates.
The centroid values of the first two canonical discriminant functions for the accessions were plotted as the x and y axis to visualize the subpopulation clusters (Fig. 2) . The extent of separation between the subpopulation clusters was measured by D 2 (Table 5 ). All pairwise distances between the subpopulation clusters were significant (p < 0.0001). The greatest phenotypic distance was observed between aromatic (Group V) and temperate japonica (D 2 = 27.74) followed by aus and temperate japonica (D 2 = 20.20) while smallest distance was observed between aus and indica (D 2 = 6.71) followed by temperate and tropical japonica (D 2 = 11.83). Phenotypically, tropical japonica was closer to both aus (D 2 = 13.75) and indica (D 2 = 13.57) than to aromatic (Group V) (D 2 = 19.52). The D 2 values also indicated that both aus and indica were significantly different from both temperate and tropical japonica.
Phenotypic Variation between the subpopulations Based on Least significance Difference
The variation observed among the five subpopulations and two admixture groups was highly significant for the agro-morphological traits evaluated, such as days to heading, plant height, panicles per plant, panicle length, primary branch number per panicle, flag leaf length, flag leaf The trait ontology acronyms as listed in Gramene (Ilic et al., 2007) .
width, and spikelets per panicle and the grain traits, which included seed and brown rice length, seed and brown rice width, seed length:width ratio, seed and brown rice volume, and 100-seed weight (data not shown). The pairwise subpopulation means differences for the agro-morphological traits are presented in Supplemental Table S4 and the grain traits in Supplemental Table S5 . The latest flowering accessions were classified genetically as belonging to the indica and admixture of indica groups with a mean of 94 and 101 d to heading, respectively, while the earliest flowering accessions were in the temperate japonica subpopulation with a mean of 79 d to flowering (Supplemental Table S4 ). The tallest plants were in the aromatic (Group V) subpopulation (143 cm) and the admixture of indica (142 cm) group, while the shortest were in temperate japonica (103 cm). Tropical japonica accessions had the widest flag leaves (1.4 cm) while the accessions in the aromatic (Group V) subpopulation had the narrowest flag leaves (0.98 cm). The mean number of panicles per plant was highest in the indica subpopulation (41.2) and lowest in tropical japonica (18.1). The longest panicles were found in the aromatic (Group V) and admixed indica accessions with a mean length of 29.4 and 29.9 cm, respectively, while temperate japonica had much shorter panicles (21.5 cm). Tropical japonica produced the highest number of spikelets as well as filled grains per panicle, whereas the aromatic (Group V) yielded the lowest number of spikelets and filled grains per panicle. The seed length or brown rice grain length was similar in the admixture of indica, aromatic (Group V), and tropical japonica groups and were significantly longer than the mean seed and brown rice grain length from the indica, aus, and temperate japonica subpopulations (Supplemental Table S5 ). On the other hand, temperate japonica had the widest seeds and brown rice grains with the lowest seed length:width ratio (2.3). The aromatic (Group V) seeds and brown rice were the narrowest (thinnest) with the highest seed length:width ratio (3.6). Seed and brown rice volume and 100-seed weight of tropical and temperate japonica accessions were higher than those of the indica, aus, and aromatic (Group V) accessions. Phenotypic Variation between the Geographic Regions Based on Least significance Difference
The variation observed among the accessions divided into the ten geographic regions from which they originated was significant for the agro-morphological traits (days to heading, plant height, panicles per plant, panicle length, primary branch number per panicle, flag leaf length, flag leaf width, spikelets per panicle), and grain traits (seed and brown rice length, seed and brown rice width, seed length:width ratio, seed and brown rice volume, and 100-seed weight) (data not shown). The phenotypic variation between the geographic regions is summarized in Supplemental Table S6 (agro-morphological traits) and Supplemental [21] [22] [23] [24] were produced by accessions from Central Asia, North America and the Caribbean, Africa, and Europe. Panicles produced by the accessions from Europe and Central Asia were significantly shorter than those produced by the accessions from other regions. Accessions from North America and the Caribbean and Southeast Asia produced more spikelets and filled grains per panicle as compared to the accessions from West Asia and Central Asia. The seeds or brown rice produced by the accessions grown in Africa, Central and South America, and North America and the Caribbean were, in general, significantly longer than those produced by the accessions grown in East Asia, Central Asia, and South Asia (Supplemental Table S7 ). Accessions grown in Europe, Central Asia, and East Asia had significantly wider seed and brown rice than the seed and brown rice produced by the accessions grown in Southeast Asia, North America and the Caribbean, Oceania, and West Asia. Seed and brown rice volume in accessions from Europe, Africa, and Central Asia was larger than the seed and brown rice volume in accessions from South Asia, North America and the Caribbean, Oceania, and Southeast Asia. Based on 100-seed weight, European accessions produced the heaviest grains while South Asian accessions produced the lightest grains.
DIscUssION
Population structure Based on 36 simple sequence Repeat Markers Thirty-four of the 36 SSR markers were chosen from the panel of 50 standard SSR markers recommended for rice diversity analysis by the Generation Challenge Programme sponsored by the CGIAR. These markers also represent a subset of the 169 SSR markers used by Garris et al. (2005) for rice population structure analysis, which identified the five ancestral subpopulations groups: aus, indica, tropical japonica, temperate japonica, and aromatic (Group V). With these 36 SSR markers, the 409 accessions grouped into nearly the same five subpopulations groups as reported by Garris et al. (2005) using 169 SSR markers. In fact, only six of the 150 accessions, which also were included in the Garris et al. (2005) study, did not group with the same subpopulation. These were Cuba 65 (from Cuba), JC149 (India), Kiang-Chou-Chiu (Taiwan), Gotak Gatik (Indonesia), Gyehwa 3 (South Korea), and Hagimonae Mochi (Japan). We suspect incorrect DNA was analyzed in the Garris et al. (2005) study because the seeds of these accessions were validated against original seed stocks at IRRI and the seed of these accessions matched the backup stocks retained from the aforementioned Garris et al. (2005) study. In addition, images of the seed for the first four accessions were available in GRIN and our seed matched these images. The admixture of japonica subpopulation group for Gyehwa 3 and Hagimonae Mochi, identified in this study, most likely is correct because all the accessions from South Korea and Japan were included in either the temperate japonica or the admixture of japonica subpopulation group.
The high level of allelic diversity in SSR markers facilitates detection of the fine structure of diversity more efficiently than an equal number of RFLP, RAPD, AFLP, or SNP loci (Powell et al., 1996; Lorz and Wendel, 2005; Varshney et al., 2007) . A subset of 384 accessions from this diversity panel also grouped into these same five subpopulations groups based on genotyping with 1536 SNP markers (Zhao et al., 2010) and the subpopulation grouping of these accessions was very similar to the grouping reported in Supplemental Table S1 with 36 SSR markers. Differences were noted because Zhao et al. (2010) used a more stringent ancestry threshold of 80% to identify accessions belonging to a specific subpopulation, thus 85 accessions were identified as admixtures. (In other words, an accession with less than 80% of its ancestry in a particular subpopulation was considered an admixture.) In this study, the percent ancestry threshold was set at 60% and 33 admixtures were identified. When the ancestry threshold was set at 80% using the SSR markers, 68 accessions were identified as admixtures and these were part of the 85 accessions classified as admixtures by Zhao et al. (2010) . Based on this scenario, only 17 additional accessions were identified as admixtures using 1536 SNP markers. More importantly, none of the accessions deviated from the major subpopulation groupings between the two studies. In conclusion, this demonstrates that these 36 SSR markers are nearly as powerful as the 1536 SNP markers. The tremendous discriminatory power of SSR markers was also demonstrated recently at IRRI, in the Philippines, by McNally et al. (personal communication, 2011) when he reported that 1000 rice accessions were grouped into the five subpopulation groups, aus, indica, tropical japonica, temperate japonica, and aromatic (Group V), based on 45 SSR markers.
Genetic Diversity and Regional adaptation of subpopulations
The 409 accessions in our diversity panel represent five distinct subpopulations (indica, aus, aromatic [Group V], temperate japonica, and tropical japonica) that could be readily identified using 36 SSR markers. The current diversity panel included accessions from 79 countries representing all the rice growing areas in the world and revealed overall genetic diversity (average gene diversity of 0.68) similar to the diversity panel used by Garris et al. (2005) (average gene diversity of 0.70). Ni et al. (2002) reported a slightly lower genetic diversity (PIC value of 0.62) in a global rice collection that was smaller than the two mentioned above. Based on the results of the aforementioned studies using global accessions, it can be inferred that this rice diversity panel represents a large proportion of the genetic diversity that exists in Asian rice (O. sativa). Both indica and aus displayed higher levels of genetic diversity than aromatic (Group V) or tropical or temperate japonica accessions (Table 3) as observed in the diversity panel used by Garris et al. (2005) . Other studies based on regional collections that included only indica and japonica accessions also report more genetic diversity in indica accessions than in japonica accessions (Gao et al., 2005; Lapitan et al., 2007; Yongwen et al., 2006) . Based on DNA sequence variation, Caicedo et al. (2007) found a similar pattern of genetic diversity in that the indica subpopulation had the highest diversity while temperate japonica had the lowest. Lu et al. (2005) and Qi et al. (2009) reported similar patterns of genetic diversity, with more alleles in indica cultivars than in japonica cultivars. On the other hand, Thomson et al. (2007) , genotyping a collection of nearly all Indonesian cultivars, noted a similar amount of genetic diversity in both the indica and tropical japonica subpopulations. The indica subpopulation occupies the largest rice growing area in the world and includes a variety of environments, soil types, and ecological conditions. The genetic diversity observed in our study is accompanied by a high level of phenotypic diversity related to agro-morphological traits and this diversity contributes to its broad adaptation.
In contrast to indica, the aus group is largely confined to South Asia and yet it exhibits a high level of genetic diversity relative to its sample size and area of distribution (Table 1 ). The majority of the aus accessions were from Bangladesh and India, where they are traditionally grown as short summer season crops under rain-fed conditions (Parsons et al., 1999) . Although aus accessions occupy a smaller geographic area compared to indica, they are grown in extremely diverse agro-ecological conditions. They are grown on hilltops, in rainfed lowlands, in floodprone and deep water areas, and in well-drained or poorly drained soils and are the source of salt, drought (Khush, 1997) , and flood or submergence tolerance (Xu et al., 2006; Hattori et al., 2009) . These accessions are generally tall and produce many tillers with short, slender grains in a variety of colors (Takano-Kai et al., 2009; Sweeney et al., 2007) . Thus, the aus group is characterized by a high level of both genetic and phenotypic diversity.
Although temperate japonica and tropical japonica are genetically closely related, they are adapted to very different regions. Temperate japonica rice is mainly distributed in the cooler regions of East Asia, Central Asia, Europe, North America, and South America, while tropical japonica is grown in tropical and subtropical climates across Southeast Asia, Africa, the southern United States, the Caribbean, and South America (Table 1) . Despite their wide geographical distribution, the relatively low genetic diversity in both temperate and tropical japonica may be attributed to their origins from a narrow gene pool marked by a more severe domestication bottleneck than indica or aus (Gao and Innan, 2008) . Temperate japonica includes the predominant rice accessions from East Asia while tropical japonica is widely grown in Southeast Asia, especially under upland conditions in Indonesia, Thailand, and the Philippines, regions hypothesized to be the location of early domestication (Chang, 1976; Oka, 1988; Izawa, 2008; Vaughan et al., 2008; Ikehashi, 2009) .
The aromatic (Group V) subpopulation embodied the lowest level of genetic diversity of all the subpopulations examined, but our estimate of diversity may be biased by the small sample size. Traditional aromatic (Group V) accessions are grown in a small geographic region in South and West Asia, mainly in India, Pakistan, and Iran. Some aromatic (Group V) accessions, especially the basmati types, are known to perform well in specific regions but are very photosensitive and generally have poor adaptability across a wide range of environments.
cultivars Used as checks in Field evaluation
The four cultivars used as standard checks were chosen from different maturity groups: Spring (early maturity), Cocodrie (intermediate maturity), Cybonnet (intermediate maturity), and Yang Dao 6 (late maturity). The first three checks are commercial cultivars adapted to the southern rice growing area of the United States and these check cultivars flowered as expected with Spring at 81 d, Cocodrie at 86 d, Cybonnet at 89 d, and Yang Dao 6 at 94 d. This expected flowering patterns of check cultivars indicates that the flowering behavior of the other accessions included in this study is typical for this region even though the diversity panel was only grown at one location for two seasons. Consequently, there is good probability that the other agro-morphological traits, especially related to flowering behavior, measured at Stuttgart, AR, are reflective of the true genetic potential. The means of the two seasons (environments) for all traits, agro-morphological and grain traits, were used for all statistical analyses and thus it could be assumed that these are the true genetic potential of the rice accessions used in the study.
Traits Differentiating Rice accessions and subpopulations
The variability in morphological characteristics is a useful tool for classifying plants and extremely important in attempting to exploit the genetic diversity found in plant genetic resources (Rogers and Fleming, 1973; Maduakor and Lal, 1989) . In this study, variation was found both between individual rice accessions and among the genetically defined subpopulations. The CDA showed that various traits contributed differently to the total spectrum of phenotypic variation, as indicated by their loadings on the canonical variables. Canonical loadings measure the simple linear correlation between an original independent variable (trait) and the canonical variate. Therefore, the canonical loading reflects the variance that the measured variable shares with the canonical variate and can be interpreted in assessing the relative contribution of each variable to each canonical variate function (Cruz-Castillo et al., 1994; Sanni et al., 2008) . The first two canonical variables accounted for 77% of the diversity that exists among the 409 rice accessions and eight of the 18 traits contributed largely to the diversity captured by the first two canonical variates. These main discriminatory traits included four plant morphological characters (panicle number per plant, panicle length, plant height, and flag leaf width) and four grain characters (grain length, grain weight, grain length:width ratio, and grain volume). These canonical variate functions indicate that the genetic composition of the accessions or subpopulations are most different for these morphological and grain characters. Similar results were also reported in the studies with O. sativa accessions grown in Africa (Guei et al., 2005; Sanni et al., 2008) .
The main discriminatory traits were also found to be significantly different between pairs of subpopulations as revealed by the t tests (Supplemental Tables S4 and S5) . Indica rice produced the highest number of panicles per plant while tropical japonica produced the lowest. Aus and aromatic (Group V) had an intermediate numbers of panicles. The longest panicles were produced by the aromatic (Group V) while the shortest panicles were produced by the temperate japonica group. Aus, indica, and tropical japonica produced panicles of intermediate size. Aromatic (Group V) rice had the tallest plants and temperate japonica had the shortest plants. Subpopulation groups could also be distinguished by flag leaf width, with tropical japonica having the widest flag leaves and aromatic (Group V) the narrowest. Significant variation for the main grain traits that included grain length, width, length:width ratio, and volume was observed between pairs of subpopulations (Supplemental Table S5 ) and the variation in such grain traits is often used to differentiate varietal groups. The two main discriminatory traits, panicle number per plant and panicle length, are important yield components, while grain dimensions determine the ability to commercialize a cultivar within a market class. Because of the relationship between traits and subpopulations, breeders typically target their search for traits of interest by screening accessions within specific subpopulations. The deep subpopulation structure also means that there is a strong genetic background effect that impacts efforts to manipulate quantitative traits when working across subpopulations in a breeding program.
Geographic Distribution of subpopulations Based on Traits
When all the traits are considered together, it is difficult to establish a relationship between subpopulations and their geographic distribution. However, individual traits are often predictive of a relationship between subpopulation and geographic distribution. A few examples indicating these relationships are followed. Early flowering accessions were mainly from Europe and Central Asia and included most accessions classified as temperate japonica. On the other hand, late flowering accessions were from South Asia and Southeast Asia. Most of the South Asian accessions were indica or aus, whereas about half of the Southeast Asian accessions were indica. Accessions with intermediate flowering were mainly from North America and the Caribbean and Central and South America, and they were mostly tropical japonica. Similarly, shorter accessions were mainly from Europe and Central Asia, and most were temperate japonica, while taller accessions were mainly from South Asia and West Asia, with most belonging to aus, aromatic, and admixture of indica. Based on the number of spikelets or filled grains per panicle, a similar relationship was observed. Accessions from North America and the Caribbean and Southeast Asia had more spikelets and filled grains per panicle, with most North American and the Caribbean accessions and many Southeast Asian accessions classified as tropical japonica. On the other hand, accessions from West Asia, Central Asia, Europe, and East Asia had fewer spikelets and filled grains per panicle, with many West Asian accessions classified as aromatic and most Central Asian and European and half of East Asian accessions classified as temperate japonica. The grain traits did not have a clear relationship between subpopulation and geographic distribution but in general longer grains were produced by African, Central and South American, and North American and the Caribbean accessions with most accessions classified as tropical japonica. On the other hand, in general, shorter grains were produced by East Asian, Central Asian, and South Asian accessions with about half of the East Asian and more than half of the Central Asian accessions classified as temperate japonica and most short grain South Asian accessions classified as aus.
comparison on the assessment of Diversity as Revealed by simple sequence Repeats and agro-Morphological Traits
The five subpopulations (aus, indica, aromatic [Group V], temperate japonica, and tropical japonica) discerned by modelbased population structure analysis were analyzed for differences based on agro-morphological traits using CDA, D 2 , and t tests. The scatterplot based on the first two canonical variates (of phenotypic traits) displayed distinct clustering for most of the accessions of each genetically defined group, in agreement with the subpopulation structure defined by SSRs. Both F ST and D 2 values indicated a close genetic relationship between aus and indica, and these groups were also similar for all grain traits (Supplemental Table S5 ) and several morphological traits, especially flag leaf length, panicle length, and filled grain number per panicle (Supplemental Table S4 ), and this partly explains the closer relationship between the groups and overlapping of some accessions between the two subpopulations in the scatterplot (Fig. 2) . Because these two subpopulations shared similar trait values for these important traits, some accessions from aus and indica are near each other on the scatterplot. The aromatic subpopulation is not a distinct group on the scatterplot because the aromatic subpopulation was represented by only 15 accessions and some of the accessions were near aus or indica accessions because they shared similar trait values. Both F ST and D 2 indicated a close relationship between temperate japonica and tropical japonica, but there were more phenotypic differences between these two subpopulations than between the aus and indica subpopulations. This is supported by the fact that for many phenotypic traits the temperate japonica and tropical japonica groups were significantly different. Overall, both the genetic and phenotypic analyses validated the conclusion that both indica and aus are distantly related to the japonica types.
The D 2 values supported a close relationship between aromatic (Group V), aus, and indica accessions based on agro-morphological traits, while F ST derived from SSR data indicated that aromatic (Group V) was genetically distant from indica and more closely related to the tropical japonica subpopulation. Both analyses supported a unique ancestry for aromatic (Group V), consistent with Jain et al. (2004) . The significant differences among the five subpopulations revealed by AMOVA were supported by the ANOVA among subpopulations for the 18 phenotypic traits examined in this study. Significant phenotypic variation between pairs of subpopulations was observed for almost all traits (identified by t tests and LSD), underscoring the distinctive genetic identities of the various rice subpopulations and the importance of controlling for population substructure in any study that seeks to examine genetic and/or phenotypic variation in O. sativa.
cONcLUsIONs
This study examines the patterns of diversity found in the 409 accessions that comprise our rice diversity panel. Within O. sativa, variation detected as either SSR polymorphism or agro-morphological traits is partitioned into clearly defined subpopulation groups. The genetic and phenotypic information on the subpopulations and accessions provide a valuable foundation for association mapping and selecting materials for specific genetic studies or as potential parents for use in plant improvement. Traits that robustly differentiate subpopulation groups could be used as the foundation for identifying and characterizing genes that distinguish evolutionary origins or domestication histories and thus understanding the basis of both genotypic and phenotypic differences within and between subpopulations. The inference of the percentage of ancestry for each accession based on population structure analysis represents an added value for rice breeders.
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